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Abstract
The RecA protein of Escherichia coli plays a crucial roles in DNA recombination and repair, as well
as various aspects of bacterial pathogenicity. The formation of a RecA-ATP-ssDNA complex initiates
all RecA activities and yet a complete structural and mechanistic description of this filament has
remained elusive. An analysis of RecA-DNA interactions was performed using fluorescently labeled
oligonucleotides. A direct comparison was made between fluorescein and several fluorescent
nucleosides. The fluorescent guanine analog 6-methylisoxanthopterin (6MI) demonstrated
significant advantages over the other fluorophores and represents an important new tool for
characterizing RecA-DNA interactions.
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1. Introduction
Bacteria maintain a dynamic balance between the contrasting needs to preserve genomic
information and to generate genetic diversity: the repair of damaged DNA is essential to the
maintenance of heritable genetic information, while the variation of that information drives
evolutionary adaptation.1 In this context, the Escherichia coli RecA protein serves as a
genomic sentinel, detecting the influence of environmental stress on DNA replication and
initiating a programmed response to the resulting DNA damage.2-6 Recently, RecA functions
have been linked to various aspects of bacterial pathogenicity, including the induction of toxin
biosynthesis,7 antigenic variation,8 and survival responses to antibacterial agents.9,10 Of
particular interest is the identification of RecA as a likely player in the mechanisms leading to
the de novo development and transmission of antibiotic resistance genes. In these respective
phenomena, RecA facilitates the development of antibiotic resistance via its roles in stress-
induced DNA repair1,11,12 and the horizontal transfer of genes between organisms.13,14
RecA is highly conserved among bacteria and likely plays similar roles in other species, making
RecA an attractive target for continued mechanistic and pharmacologic study.15,16
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In spite of RecA’s remarkably diverse set of mechanistic activities, all but one of the protein’s
known functions require formation of an active RecA-DNA filament comprising multiple
RecA monomers, ATP, and single-stranded DNA (ssDNA). This activated filament is
responsible for induction of the SOS response to genomic damage by stimulation of LexA
repressor autoproteolysis, and it also directly participates in recombinational DNA repair.6,
17 The nucleoprotein complex is formed when RecA monomers self assemble into a multimeric
right-handed helical filament that binds DNA and contains about 6 RecA monomers and 18
DNA nucleotides (nts) per helical turn. Electron microscopy studies have defined two
conformations of the RecA nucleoprotein filament (Fig. 1) whose DNA constituents have
different helical geometries (reviewed by Egelman and Stasiak18). A “collapsed” filament
(pitch ~ 75 Å) occurs in the absence of a cofactor or with ADP. The dynamic nature of the
RecA-DNA complexes formed in the presence of ATP makes them difficult to study using
electron microscopic techniques; however, an “extended” filament (pitch ~ 95 Å) can be
observed with nonhydrolyzable analogs of ATP such as adenosine 5′-O-(3-thiotriphosphate)
(ATPγS). Although extensive in vitro biochemical studies over the last twenty years have
characterized this remarkable protein’s structure and diverse activities,6,19-21 the molecular
mechanisms underlying the processes of nucleoprotein filament formation and activation are
not yet understood.
Among the reasons why a complete description has remained elusive, we consider the
following three to be most important. First, no high-resolution crystal structures of active,
extended RecA-DNA complexes have been reported. In part, this lack of structural data likely
results from the intrinsic conformational dynamics of RecA and RecA-DNA complexes.
22-26 A second complication arises from the fact that the extended nucleoprotein filament has
two DNA binding sites with binding site sizes of 3 nts per RecA monomer.27 The extended
conformer with DNA bound at one site (“site I”) is the active form of the RecA nucleoprotein
filament since the quaternary complex formed between RecA protein, ssDNA, ATPγS and
Mg2+ in vitro is the recombination machinery that pairs and exchanges homologous DNA
strands.28,29 A third important issue is the mechanistic complexity that characterizes RecA’s
functions, both during the course of steady-state ATP hydrolysis 26 and in the presteady state
before ATP is hydrolyzed.24 Sensitive and site-specific probes of real-time changes in RecA
conformation and RecA-DNA interactions are needed to overcome these limiting difficulties.
A solution-phase method sufficient to characterize the nucleoprotein filaments must
recapitulate the structural characteristics of the filaments and their dependence on ATP(?S).
Spectrofluorometry provides a potentially versatile, solution-phase method for directly
characterizing RecA-DNA complexes. Unfortunately, the natural DNA bases are only
minimally luminescent30 and the tryptophans in the RecA protein do not serve as reporters for
DNA binding.31-33 Extrinsic fluorophores such as fluorescein have been used to study RecA-
DNA interactions.34-38 However, an extrinsic fluorophore’s signal reflects the
microenvironment of the dye rather than that of the DNA,39 and some evidence indicates that
fluorescein perturbs the DNA binding activity of the RecA protein.40 The Fersht laboratory
introduced 1,N6-ethenoadenine (eA), an intrinsic DNA fluorophore, to study RecA.41
However, eA disrupts the structure of double-helical DNA42 and consequently perturbs RecA-
DNA interactions.27
In principal, all four natural DNA bases can be replaced with isomorphic analogs whose
fluorescence properties are sensitive to their microenvironments.43 To be useful for probing
RecA-DNA filaments, a fluorescent isomorph of a DNA base should provide an improvement
over previous fluorophores such as fluorescein and eA. The present paper describes a
comparison of the RecA protein’s interaction with 30mer oligonucleotides containing either a
single fluorescein, eA, 2-aminopurine (2AP), 5-methylpyrimidin-2-one (M5K), or 6-
methylisoxanthopterin (6MI) fluorophore (Fig. 2). We found that the 6MI fluorophore has
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significant biochemical and spectrofluorometric advantages over the other fluorophores,
allowing the direct characterization of the collapsed and extended RecA-ssDNA filaments at
equilibrium, as well as the comparison of extended filaments in the absence and presence of
ATP turnover. In the context of previous studies of RecA-DNA interactions, these new data
demonstrate that the synthetic analog of G can provide improved structural information to
complement and extend data obtained from other biochemical studies.
2. Results and discussion
2.1. Design of oligonucleotides containing single fluorophores
The use of fluorescent bases in oligo- and polynucleotides has typically involved multiple-site
incorporations of base analogs such as eA,41,44-46 2AP,47-50 or M5K51 due to their
ultraviolet colors43 and relatively low quantum yields in DNA (< 0.05).52-54 Our goal was
to use oligonucleotides with single site-specific labels. This presents a challenge for studying
the RecA protein because it is not an enzyme with respect to its DNA binding activity. Instead,
stoichiometric amounts of the protein coat the DNA molecule, and high tryptophan levels lead
to a large background fluorescence problem. These limitations have often been overcome by
the use of fluorescein, which is an extrinsic label with a strong emission signal far removed
from the ultraviolet range.35 As an intrinsic DNA fluorescence alternative, we chose 6MI since
it is a relatively bright fluorophore in ssDNA (quantum yield ~ 0.3)55 and its emission peak is
red-shifted from that of the tryptophan signal.43
In order to achieve strong signals, we used short oligonucleotides to maximize the proportion
of fluorophore in the ssDNA. It is generally accepted that a ssDNA length greater than 30 nts
is necessary to stimulate fully the ATP hydrolysis activity of the RecA protein.56 In contrast,
oligonucleotides as short as 20 or 30 nts support pairing activity in the presence of ATPγS.
24,57-60 The 30mer sequence (oligonucleotide 30-6MI; Fig. 2) used in this work was derived
from one of these latter studies.58 To evaluate the potential sequence dependence of the
fluorescence observables, we also studied other families of oligonucleotides, including one
that is thymine rich and thereby devoid of any latent secondary structure. We performed ATP
hydrolysis assays to show that these oligonucleotides were competent for activating the RecA
protein. We then compared several intrinsic DNA fluorophores and the extrinsic fluorescein
fluorophore in the context of this 30-nt ssDNA.
2.2. ATP hydrolysis activity using short oligonucleotides
The first step in all RecA-mediated activities is the binding of ssDNA and ATP by RecA to
form the active nucleoprotein filament, which normally results in ATP hydrolysis. Although
ATP hydrolysis is neither necessary nor sufficient to promote the subsequent DNA repair
functions, it serves as an indirect indicator of active nucleoprotein filament formation. In the
presence of saturating ATP concentrations and an ATP regeneration system, the initial velocity
of steady-state ATP turnover was measured as a function of ssDNA concentration for poly(dT)
and various oligonucleotides (Fig. 3). The control poly(dT) results were essentially identical
to those described earlier61 when using double-reciprocal plot analysis (plots not shown). The
60mer oligonucleotide behaved similarly to poly(dT), while the 30mer oligonucleotide fully
activated RecA’s ATPase activity only at higher concentrations.
The same data were also analyzed (Fig. 3) using a model that allowed the simultaneous
evaluation of kcat, Kdapp, and n as described in the Experimental section (equation 1). The data
for poly(dT) were consistent with a tight-binding regime (Kdapp < 10 nM), kcat = 23 ± 1
min−1 and n = 4 ± 1 nts per RecA monomer. This kcat value is identical to that reported
previously.61 In contrast, the data for the 60mer and 30mer oligonucleotides are consistent
with moderate- and loose-binding regimes, respectively. The data for the oligonucleotides were
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thus fit with Kdapp as an adjustable parameter and n fixed at one of several integer values. In
all cases, the canonical value of n = 3 nts per monomer yielded the best fits as judged by a
reduced χ2 analysis.6 Table 1 summarizes the kinetic and thermodynamic constants d
etermined for all of the DNAs.
Importantly, the influence of oligonucleotide concentration on the ATPase rates demonstrates
that all of the oligonucleotides can saturate the RecA protein at a stoichiometry of 3 nts per
RecA monomer. Moreover, as judged by the length-independence of the kcat values, all of the
oligonucleotides fully activate the ATPase activity of the RecA protein. The Kdapp values
indicate that the primary influence of decreasing oligonucleotide length is to reduce the
apparent RecA-DNA affinity.
The experiments described above used nonfluorescent oligonucleotides, as we initially
assumed that the ATP hydrolysis activity of the 6MI-labeled oligonucleotides would be
reasonably approximated by the equivalent nonfluorescent oligonucleotides since the 6MI
fluorophore does not perturb the DNA structure.55 In fact, ATPase experiments performed
with oligonucleotide 30-6MI confirmed this assumption (data not shown). In contrast to the
6MI-labeled and non-fluorescent oligonucleotides, the dissociation constant determined using
the 5′-fluorescein-labeled 30mer shows that the extrinsic label has a significant effect on the
activity of RecA (Table 1). In particular, the apparent affinity for the 30mer oligonucleotide
has increased nearly 10-fold in the presence of the fluorescein label. This perturbation of normal
RecA-DNA interactions underscores a key disadvantage of extrinsic DNA labels in this system.
2.3. Steady-state emission of oligonucleotides containing single fluorophores
Fig. 4 shows the steady-state fluorescence spectra of RecA and the oligonucleotides 30-2AP,
30-M5K, 30-6MI, and 30-F5′. The emission spectra have been normalized to the maximum
excitation signal of each respective fluorophore. The spectra for oligonucleotide 30-eA is
similar to those of 30-2AP and 30-M5K (data not shown). The RecA tryptophan emission peak
overlaps those of 30-2AP, 30-M5K, and 30-eA, whereas the 30-6MI and 30-F3′ emission
maxima are red-shifted from that of the protein (427 and 518 nm, respectively). Taken together
with the ATPase results that indicate RecA has low affinities for short oligonucleotides,
necessitating a high protein concentration for efficient binding, the difference in emission
maxima between 6MI (and fluorescein) and the protein tryptophan signal becomes critical for
the study of non-specific nucleic acid binding proteins such as RecA that require stoichiometric
concentrations to bind their substrates (see below). In principle, it should be possible to make
use of the base analogs eA, 2AP, and M5K by tuning the excitation wavelength so as to
minimize the interference from background tryptophan emission. However, in the case of a
30mer oligonucleotide with a single base analog, this approach is impracticable because there
are 20 tryptophan residues within each RecA-oligonucleotide complex (1 RecA per 3 nts × 30
nts × 2 tryptophan residues per RecA). The use of 6MI alleviates these complexities without
perturbing RecA-DNA interactions, a fundamental problem with the extrinsic fluorescein
label.
Next we analyzed the effect of RecA filament formation on the 6MI and fluorescein
fluorescence emission spectra. A two-fold enhancement of the oligonucleotide 30-6MI
emission of is observed upon RecA addition to oligonucleotide 30-6MI in the absence of any
NTP (Fig. 5A; parameters summarized in Table 2), providing a direct spectroscopic
measurement of RecA-DNA complex formation. In the presence of ATPγS, an isosteric analog
of ATP that is hydrolyzed to a negligible extent in these experiments, the intensity of the
oligonucleotide 30-6MI emission is increased approximately 90% relative to that of the
unbound oligonucleotide. Furthermore, the maximum is blue-shifted approximately 8 nm in
the latter case. By contrast, the fluorescence of the fluorescein probe is quenched ~ 40% in the
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RecA filament in the absence of cofactor (Fig. 5B). In the presence of ATPγS, the emission
signal is quenched less than 10%.
As a test of the generality of the observation that 6MI emission is sensitive to RecA-DNA
association, we collected five similar sets of spectra (ssDNA only; ssDNA + RecA, and ssDNA
+ RecA·ATPγS) using oligonucleotides with the 6MI fluorophore in similar, but not identical,
sequence contexts (i.e., 5′-HC-6MI-MW-3′; for sequences, see Fig. 2B and 2C). The sequences
were chosen so that no G residues, which are known to be oxidized by the excited state of 2AP,
62-64 were within the three nearest-neighbor positions on either side of the fluorophore. The
overall sequence compositions of the oligonucleotides varied among mixed, purine-rich, and
thymine-rich. The results demonstrate that the other 6MI oligonucleotides have similar
emission spectra to that of 30-6MI (see Table 2; spectra not shown). We conclude that the
spectral changes we observed for 30-6MI provide general rather than sequence-specific
information about the RecA-DNA association.
2.4. Thermodynamic analysis of RecA-oligonucleotide interactions in the absence of ATP
hydrolysis
Monitoring DNA emission as a function of increasing protein concentration provided evidence
that the signal change saturates and allowed characterization of the thermodynamics of RecA-
oligonucleotide complex formation (Fig. 6). In both the presence of ATPγS and the absence
of nucleotide cofactor, the RecA·30-6MI association was characterized by tight binding ( Kd
< 10 nM). An equivalence point analysis 41 of the DNA binding isotherms in Fig. 6 yielded a
DNA nts to RecA monomer ratio of 2.5 ± 0.3 in the absence of nucleotide cofactor for
oligonucleotide 30-6MI. In the presence of ATPγS, the value was 2.5 ± 0.4. Similar
stoichiometry results (Table 1) were obtained using the longer 6MI-labeled oligonucleotides
(isotherms not shown).
In contrast to the expected right-hyperbolic shape of the RecA-DNA binding isotherms
constructed using 30-6MI, the 30-nt oligonucleotides containing 2AP, M5K, and eA showed
essentially monotonic increases in emission intensity with increasing RecA concentration (data
not shown). When using ultraviolet DNA fluorophores such as eA or 2AP, the tryptophan
fluorescence will contribute a significant background to the emission spectra. In addition, light
scattering by RecA filaments also reduces the signal-to-noise ratio.
The RecA titration in the absence of cofactor (Fig. 6B) on the 30mer oligonucleotide with a
5′-fluorescein label shows a stoichiometry value n = 2.8 for the collapsed RecA filament.
However, the binding isotherm for the fluorescein-labeled oligonucleotide in the presence of
nucleotide cofactor yielded a surprising result. Two regimes were observed in the RecA
titration suggesting that the fluorescein emission reflects different RecA-DNA interactions at
subsaturating versus saturating protein concentrations. Interestingly, the local minimum
observed in the titration plot at low [RecA]/[DNA] appears at a ratio of approximately 6 nts
per RecA monomer. A similar result was previously interpreted as an indication that two
fluorescein-labeled oligonucleotides bound per filament.38 This anomaly observed using the
fluorescein reporter in the titration in the presence of nucleotide cofactor may be due to a new
interaction between RecA and the fluorescein-labeled DNA, and recapitulates the perturbation
in activity measured using the ATPase assay with the 30-F5′ oligonucleotide.
In summary of this section, the well-established DNA binding length dependence does not
apply to the collapsed RecA filament. A stable RecA-DNA complex forms with the 30mer
oligonucleotide in the absence of a nucleotide cofactor, as well as in the presence of the non-
hydrolyzable analog ATPγS (Fig. 6). Both of these complexes have the canonical 1:3 RecA
monomer to DNA nt stoichiometry, in agreement with previous experimental results using
different techniques (reviewed by Roca and Cox6). In contrast, the structural perturbations of
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the ssDNA associated with e-DNA27,41,45,46 and fluorescein molecules bound to the ssDNA
38 cause two ssDNA molecules to be bound by RecA, resulting in an apparent RecA:DNA
stoichiometry of 1:6. Our data indicates that the presence of the 6MI fluorophore in the ssDNA
substrate does not disturb RecA-ssDNA interactions, and allowed us to probe properly
assembled RecA-ssDNA filaments using intrinsic DNA fluorescence.
2.5. Thermodynamic analysis of RecA-oligonucleotide interactions during steady-state ATP
turnover
The 6MI-labeled oligonucleotides allowed the observation of canonical RecA-DNA
stoichiometries in the presence of ATPγS. Based on this result, we reasoned that the 6MI
fluorophore would also allow the direct observation of RecA filaments under conditions that
promote ATP hydrolysis without perturbing the interactions between RecA and ssDNA. To
test this, we performed steady-state fluorescence titrations in the presence of ATP with an ATP-
regenerating system. Fig. 7 shows the DNA binding isotherms for several of the 6MI
oligonucleotides. In contrast to the results observed in the presence of ATPγS, oligonucleotide
binding by RecA in the presence of ATP is highly dependent on DNA length. A persistent
RecA-ssDNA complex does not form on the 30mer oligonucleotide under the reaction
conditions tested here (3 μM-nts oligonucleotide and 100 μM ATP). However, as the
oligonucleotide length increases, the affinity of the RecA for the oligonucleotide increases such
that, with a DNA length of 72 nucleotides, the complex is characterized by tight binding.
The RecA·ATP–DNA binding isotherms were fit with n fixed at 3 nts per monomer as described
in the Materials and Methods. The Kd values (Table 1) recapitulate the trend of increasing
RecA-DNA affinity with increasing oligonucleotide length observed using the ATP hydrolysis
activity (Table 1). The reduction in apparent RecA-oligonucleotide affinity when comparing
the ATP complexes with the ATPγS complexes is consistent with the influence of ATPγS on
RecA complexes with long DNA substrates.46 We also note that the ATP-dependent extended
filaments are less stable than the collapsed filaments formed on the same oligonucleotide
substrates in the absence of nucleotide triphosphate.
Previous DNA-length dependence studies of ATP hydrolysis by RecA have determined a
minimum length threshold of at least 30 nts.56,61 In addition, the cooperativity of ATP binding
and hydrolysis suggest that the minimal protomeric ATPase unit of the RecA filament is from
12 to 20 monomers or about 2 to 3 turns of the RecA filament.65,66 Given the 1:3 stoichiometry
of a RecA-DNA complex, this would require a minimum of 36 nts for binding DNA. It is
important to note, however, that ATP hydrolysis activity is an indirect measure of DNA binding
by RecA. The 6MI fluorophore allowed a more direct observation of DNA binding by the
extended RecA-ATP filament under conditions of ATP hydrolysis (Fig. 7). At DNA lengths
as low as 30 nts, the formation of an extended RecA-ssDNA filament is poor. As the length of
the oligonucleotide increases, the RecA-ATP-DNA complex becomes more stable with the
canonical 1:3 RecA:DNA stoichiometry occurring at a DNA length of approximately 70 nts.
In addition to stoichiometric measurements, we were able to measure the active RecA
filament’s affinity for DNA using the 6MI reporter. To our knowledge, this is the first direct
measurement of an equilibrium constant for DNA during active ATP hydrolysis.
2.6. Evaluation of oligonucleotide occupancy of RecA’s DNA binding sites using
fluorescence anisotropy
The fluorescence of oligonucleotide 30-6MI serves as a sensitive indicator of RecA-ssDNA
complex formation. However, the lack of a diagnostic difference in fluorescence intensity
between the collapsed and extended RecA-DNA complexes (Fig. 5A) led us to explore other
fluorescence observables. We performed experiments using polarized excitation and emission
to observe the RecA-ssDNA complex in solution, and found that the binding of RecA protein
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to the oligonucleotide results in an increase in the extent of polarization of the emission from
30-6MI. Specifically, the anisotropy of the free 30-6MI oligonucleotide was 0.17, and this
value increased to 0.29 and 0.33 for the RecA·30-6MI complexes formed in the absence and
presence of ATPγS, respectively (Table 2). Fluorescence anisotropy measurements as a
function of RecA concentration (Fig. 8A) parallel the overall trends in the observed emission
intensity signal changes, in that the anisotropy increases and saturates over the course of the
titration. This observation substantiates the conclusion that the emission intensities provide an
authentic signal for complex formation.
In contrast to the total fluorescence emission signal, the anisotropy of the extended
RecA·ATPγS·30-6MI filament saturates at a stoichiometry near 6 nts per RecA monomer.
Thus, the total fluorescence emission from the 6MI fluorophore suggests a complex with one
DNA strand bound per filament, while the 6MI anisotropy measurement suggests a complex
with two DNA strands per filament.
To investigate this potential difference between total and polarized emission signals, we
characterized the RecA nucleoprotein filaments assembled on two thymidine-rich
oligonucleotides, 26-6MI-T and 42-6MI-T (Fig. 2). The sequences were designed to minimize
the presence of any secondary structure in the ssDNA and to keep the 6MI fluorophore in the
same DNA base context (see above). The anisotropies of the free 26-6MI-T and 42-6MI-T
oligonucleotides, 0.10 in each case, were somewhat lower than that observed for 30-6MI. The
anisotropy value for oligonucleotide 26-6MI-T increased to 0.28 and 0.32 for the RecA·30-6MI
complexes formed in the absence and presence of ATPγS, respectively. Likewise, the
anisotropy value for oligonucleotide 42-6MI-T increased to 0.27 and 0.32 for the
RecA·42-6MI-T complexes formed in the absence and presence of ATPγS, respectively.
Hence, the anisotropy of 6MI bound with collapsed and extended nucleoprotein filaments is
essentially independent of oligonucleotide length and sequence for this limited DNA series.
When titrated with RecA, the anisotropy signals of oligonucleotides 26-6MI-T (Fig. 8B) and
42-6MI-T (Fig. 8C) were consistent with s aturation at complex stoichiometries near 3 nts per
RecA monomer for the collapsed filament, a value that is identical to that observed for the
RecA·30-6MI filament (Fig. 8A). However, the formation of the extended filaments displayed
different characteristics. In particular, formation of the RecA·ATPγS·42-6MI-T complex was
complete at a stoichiometry of 6 nts per RecA monomer (Fig. 8B), like the extended filament
formed on oligonucleotide 30-6MI, while formation of the extended filament on the 26mer
oligonucleotide displayed a stoichiometry of 3 nts per RecA monomer (Fig. 8C). When taken
together with the data for the fluorescein labeled 30mer oligonucleotides reported above (Fig.
6B) and that for a 5′-fluorescein labeled 32mer oligonucleotide reported previously,38 these
data are consistent with a model wherein binding affinity to the second DNA-binding site of
the RecA protein filament (site II) is strongly dependent on the length, sequence, and
modification of the oligonucleotide. This model will be discussed in detail below. Importantly,
we note that the characteristic fluorescence anisotropies and emission peak positions of 6MI
in the collapsed and extended RecA-ssDNA complexes provide unambiguous evidence that
the fluorescence of 6MI distinguishes structurally distinct filaments.
More than a decade ago, it was suggested that a RecA filament has two DNA binding sites: a
primary site (site I) wherein the ssDNA of the nucleoprotein filament is located, and a
secondary site (site II) that is capable of binding a second DNA molecule during the search for
sequence homology.67 In the intervening years, a variety of methods have been employed to
demonstrate that the extended nucleoprotein filament can bind an additional ssDNA or dsDNA
molecule.6 Moreover, the relative affinity of the DNA molecules for the two sites has been
proposed to bias the direction of DNA strand exchange toward product formation.68
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Toward a quantitative evaluation of this hypothesis, a fluorescein reporter has been used
previously to characterize the binding of a 32-nt oligonucleotide to site II of the RecA filament.
38 This DNA, containing a 5′-fluorescein label, gave rise to fluorescence titration data
consistent with a complex containing 6 nts per RecA monomer at 25°C. This stoichiometry
was observed for the extended filament (with ATPγS) using both total fluorescence emission
and anisotropy data in each case. When we collected total fluorescence emission data at 37°C
for the 30mer 5′-labeled with fluorescein as a function of RecA·ATPγS concentration (Fig.
6B), the resulting fluorescence isotherm was more complicated than that reported by Gourves
et al. A point of inflection occurs near a stoichiometry of 6 nts per RecA monomer, but the
signal is not saturated at this point, and continuation of the titration results in a subsequent
saturation of the signal at higher protein concentration. Although these data cannot be
interpreted definitively, they are consistent with a model in which a filament with 2 DNA
strands bound (6 nts per monomer; RecA· (ssDNA)2 in Fig. 9) rearranges as a function of
increasing [RecA] to two filaments with 1 DNA strand bound (3 nts per monomer;
RecA·ssDNA in Fig. 9). To the best of our knowledge, such an observation has not been
reported with fluorescein-labeled oligonucleotides because fluorescent anisotropy (not
emission) signals are usually reported and the apparent anisotropy of the fluorophore would
not show the difference between the two bound states. Furthermore, the previous fluorescence
experiments were performed at room temperature.
The elegant work of Brenner and coworkers provided the first definitive resolution of RecA-
ssDNA complexes with stoichiometries of 3 nts per RecA monomer (ssDNA bound at site I
only; Fig. 9) from those with stoichiometries of 6 nts per RecA monomer (ssDNA bound at
both sites I and II).27 These authors’ results were obtained using poly(dT) and eDNA (M13
ssDNA wherein the adenine bases have been chemically converted to eA), both of which are
bound by RecA more avidly than “natural” DNA sequences. For these DNA substrates,
Zlotnick et al. were able to define a simple model in which the DNA sites fill sequentially (Fig.
10).27 Interpreting this model in the context of fluorescence signals can also account for the
observations of Gourves et al.,38 based on a 5′-fluorescein labeled 32mer, if the total and
polarized emission of states [1] and [2] are different while those of states [2] and [3] are similar.
Hence, like the eA fluorophore used by Zlotnick et al., the fluorescence of the 5′-fluorescein
does not distinguish between the states with one and two bound DNA strands per filament. In
this case, formation of a nucleoprotein filament with two DNA strands bound at low [RecA]/
[DNA] would saturate the signal. With respect to the data reported here for the 5′-fluorescein
labeled 30mer at 37°C, we infer that the total emission from states [2] and [3] are not identical,
and that the equilibrium between states [1] and [2] favors state [2] at low-to-moderate RecA
concentrations. Zlotnick et al. suggested that a distinguishing characteristic of DNA strands
was their relative affinity for site II of the nucleoprotein filament and, in particular, their relative
rate of dissociation from that site. We conclude that the fluorescein label, as well as DNA
sequence and length, has a substantial influence on the affinity of oligonucleotides for site II.
The simple site occupancy model is particularly germane to the issue of the apparent
discrepancy between the 6MI emission titration (Fig. 6A) and the anisotropy titration (Fig. 8A)
for the RecA·ATPγS·30-6MI filament. These data are consistent with expectations derived
from Fig. 10 if the following two conditions are met.
First, the total emission of states [1] and [2] must be similar, while both would be less emissive
than state [3]. This implies that a 6MI fluorophore in site II is less fluorescent than the same
base in site I, consistent with the idea that the sites have distinct characteristics.60 As a
preliminary test of this condition, we collected data for oligonucleotide 30-6MI bound
exclusively to either site I or site II of the RecA filament (Table 2). In order to enforce the site
selectivity, we prepared RecA filaments with three DNA strands bound as a RecA-three
stranded DNA complex (RecA-tsDNA; Fig. 9) as described previously.60. Briefly,
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RecA·tsDNA-I contains 6MI-labeled oligonucleotide in site I and is prepared by mixing the
RecA·oligonucleotide complex with a heterologous double-stranded DNA. Likewise,
RecA·tsDNA-II contains a 6MI-labeled oligonucleotide in site II and is prepared by capturing
the product of DNA strand exchange wherein the 6MI-labeled oligonucleotide is displaced
from a substrate duplex into site II of the filament. The relative fluorescence intensities obtained
using 6MI-labeled oligonucleotides of different sequences (Table 2) support the conclusion
that a 6MI fluorophore in site II is less fluorescent than the same base in site I.
Second, the anisotropy of 6MI fluorescence must respond to RecA binding rather than to site
binding, so that the anisotropy characteristic of states [2] and [3] would be higher than that of
state [1]. The same conclusions apply to the anisotropy isotherms of oligonucleotides 42-6MI-
T and 26-6MI-T. The former oligonucleotide behaves like 30-6MI with respect to site
occupancy, while the shorter oligonucleotide apparently lacks sufficient affinity for the
secondary DNA binding site to allow observation of the filament with 2 oligonucleotides
bound.69
In summary of this section, Brenner and coworkers provided direct evidence that a RecA
filament has two distinct DNA binding sites and proposed a molecular model that accounted
for differences in the apparent stoichiometries derived from protein-based (e.g., ATPase) and
DNA-based (e.g., eA fluorescence) signals.27 We have demonstrated that this model can
readily account for the fluorescence titrations using both fluorescein and 6MI signals.
Importantly, however, these results can only be interpreted in the context of fluorescein labeling
resulting in a substantially enhanced affinity for site II. Moreover, the data suggest that total
and polarized 6MI fluorescence can readily distinguish filaments with one and two
oligonucleotides bound, while the fluorescence characteristics of fluorescein and eA are less
robust.
3. Conclusions
We have presented herein the proof of principle for monitoring the structures of RecA-DNA
complexes using a non-ultraviolet intrinsic DNA fluorophore. The use of 6MI-labeled DNA
to characterize nucleoprotein filament assemb ly demonstrates the significant advantages of
such a fluorophore over other common fluorescent reporters. The oligonucleotides containing
single 6MI fluorophores demonstrate features characteristic of DNA bound by the RecA
protein, including saturation binding at a stoichiometry of 3 nts per RecA monomer,
stabilization of the nucleoprotein filament by ATP©S, and full activation of ATP hydrolytic
activity. Moreover, the 6MI signal increase upon RecA-DNA association is consistent with an
increase in the interbase separation resulting from stretching of the DNA,60,70-72 and the
combination of emission peak position and anisotropy differentiate the collapsed and extended
filaments. Moreover, our comparative studies of the collapsed and extended RecA filaments
provide fundamental insights into the nature of RecA-DNA interactions. For example, under
equilibrium conditions, the collapsed RecA filament does not have the same DNA length
dependence for DNA binding that the ATP-induced extended filament requires.
Historically, a complicating factor in the use of DNA fluorescence and spectrofluorometry for
monitoring RecA-mediated DNA strand exchange in the absence of ATP hydrolysis is that
stoichiometric amounts of RecA protein coat the DNA molecule because RecA is not an
enzyme with respect to its DNA binding activity. Such high protein levels produce substantial
light scattering, and the accompanying high tryptophan levels lead to a large background
fluorescence problem. Two approaches have been used to overcome these issues: conjugation
of the DNA to an extrinsic fluorophore and the use of multiple fluorescent base analogs. The
significant advantages over these approaches presented by the fluorescence emission from the
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guanine analog 6MI, which is sensitive to the formation of the collapsed versus the extended
RecA-DNA complexes, are discussed below.
3.1. Intrinsic DNA fluorescence in RecA-oligonucleotide complexes: advantages of 6MI
For the most part, the use of fluorescent bases in DNAs has involved multiple eA, 2AP, or
M5K monomers due to their ultraviolet excitation and low quantum yields in DNA. Pioneering
work using the eA intrinsic fluorophore has allowed for observations of DNA binding by RecA,
41,45 but the 6MI moiety presents significant advantages over eA for such experiments. First,
the 6MI fluorescence does not suffer from the tryptophan background of the protein. The
ultraviolet eA fluorescence signal, which overlaps with the protein tryptophan emission, is
hampered by the stoichiometric amounts of RecA required to form stable protein-DNA
filaments. Second, 6MI allows for site-specific labeling of oligonucleotides, imparting a DNA-
structural perspective to the 6MI fluorescence signal. In contrast, the fluorescence from eA
represents the average of a population of heterogeneously labeled molecules with multiple
fluorophores. Lastly, the 6MI base is a functional and structural analog of guanosine and
therefore does not perturb double-helical DNA structure,55 whereas the eA base can not
basepair with thymine and it locally disrupts the DNA helix.42
The 6MI fluorophore also has similar advantages over 2AP and M5K. As with εA, 2AP and
M5K have ultraviolet absorption maxima and relatively weak emission intensities in DNA.
While we have demonstrated proper filament assembly on 60-nt oligonucleotides using M5K
fluorescence,51 the data described above indicate that a single M5K base within a 30mer
ssDNA is not suitable for rigorous probing of RecA-DNA complexes.
The use of 2AP as a fluorescent analog of adenine has seen widespread use. In the case of RecA
investigations, pioneering studies employed 2AP to examine RecA-DNA interactions69,73
and RecA-mediated annealing reactions50. Recent studies of strand exchange mediated by
RecA and Rad51, a eukaryotic RecA homolog, have been carried out in the Radding laboratory
using DNA substrates with multiple 2AP residues.49,74,75 In our hands, while 2AP-containing
oligonucleotides produce fluorescence changes upon binding RecA, the changes have been
difficult to interpret rigorously due to background tryptophan fluorescence, light scattering,
and heterogeneity in the oligonucleotide substrates. Indeed, we have observed the significant
accumulation of non-full-length oligomers during both synthesis and storage of
oligonucleotides having 2AP at multiple positions,51 presumably as a result of the hydrolytic
proclivity of the 2AP heterocycle.76 Moreover, 2AP undergoes photoinduced electron transfer
reactions under steady-state spectrofluorometric conditions.62,63,77,78 In addition, a single
2AP substitution in dsDNA can cause local structural and dynamic perturbations.79 Although
the photophysical properties of 6MI have not been as rigorously characterized as those of 2AP,
the characterization of RecA-mediated DNA strand exchange using the 6MI reporter
demonstrated the significant advantages of this intrinsic DNA fluorophore over previous
fluorescent reporters.24,59,60 As such, 6MI is an important new tool for studying RecA-
ssDNA binding as well as the subsequent steps involved in RecA-mediated DNA
recombination.
3.2. Advantages of 6MI fluorescence relative to that of fluorescein in RecA-oligonucleotide
complexes
Other fluorescence-based studies of DNA binding by the RecA protein have used extrinsic
fluorophores such as the fluorescein, rhodamine, and cyanine dyes.34-38,40,69,71,74,80,81
In particular, the emission signal from fluorescein is in the visible wavelengths and this reporter
provides strong signals in the absence of a RecA protein tryptophan background. However, an
extrinsic fluorophore’s signal reflects the microenvironment of the dye rather than that of the
DNA.39 Moreover, the results herein demonstrate quantitatively that such an extrinsic label
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perturbs RecA-DNA interactions.40 The total emission determined from titrations of RecA on
fluorescein-labeled DNA showed complicated behavior, with an initial decrease and
subsequent in crease to saturation. As such, extrinsic fluorophores such as fluorescein are not
desirable for investigating fundamental questions about the biochemistry of the RecA-DNA
nucleoprotein filaments.
We successfully used the 6MI fluorophore as an internal fluorophore, free of the complications
of the external environment, to determine the stoichiometry of the collapsed and extended
RecA-ssDNA filaments and to compare the DNA-length dependence of the active RecA
filament by both ATPase and fluorescence assays. Thus, 6MI reflects many of the strengths of
fluorescein while presenting a key advantage to the extrinsic fluorophore.
We envision that the advantages conferred by 6MI will continue to be exploited to complement
data derived from the analysis of FRET or 2AP fluorescence. One long-term objective of
characterizing site-specific interactions among the filament constituents is to reach a molecular
understanding of recombination, recombinational repair, and related cellular processes by the
construction and elaboration of three-dimensional models of the intermediates in the reactions.
Signal changes from site-specific structural and dynamic probes will be useful in conjunction
with mechanistic models to elucidate structure-function relationships among RecA’s diverse
activities. In addition, such an approach will undoubtedly be useful for understanding changes




The E. coli RecA protein was overexpressed and purified using the “Standard RecA
Purification” protocol previously described87 and stored in aqueous buffer (25 mM Tris·HCl,
pH 7.5, 1 mM DTT, 5% glycerol) at −80 °C. The protein concentration was determined using
the monomer extinction coefficient 22,000 M −1cm−1 at 280 nm.88 The concentration of poly
(dT) (Amersham-Pharmacia, average length 220 nts) was determined using the extinction
coefficient 8520 (M-nts) −1cm−1 at 264 nm.89 The concentrations of ATP and ATP©S (both
from Roche) were determined using the extinction coefficient 15,400 M−1·cm−1 at 259 nm.
90 The concentrations of NADH and phosphoenolpyruvate (both from Sigma) were determined
using the extinction coefficients 6220 M−1cm−1 at 340 nm and 2930 M −1cm−1 at 230 nm,
respectively. Lactic dehydrogenase and pyruvate kinase were obtained from Sigma. Glycerol
(spectrophotometric grade) was from Acros.
4.2. Oligodeoxyribonucleotide preparation
Oligonucleotides 30-2AP, 30-eA, 30-F5′, and 30-F3′, and the oligonucleotides without
fluorescent labels were purchased as PAGE-purified products from Integrated DNA
Technologies (Fig. 2). Oligonucleotides with 6MI were purchased in PAGE–purified form
from TriLink BioTechnologies. The concentrations of the oligonucleotides were determined
using extinction coefficients calculated by the nearest neighbor method from the monomer and
dimer values91 and corrected for the extinction coefficient for 6MI (4900 M−1cm−1),92 2AP
(1000 M−1cm−1),93 M5K (674 M−1cm−1),51 or fluorescein (19300 M−1cm−1)35 at 260 nm.
DNA concentrations are reported as total nucleotides.
Two families of oligonucleotides were used (Fig. 2). The first family was chosen to represent
a mixed base composition, and the sequences were derived from pGEM4Z (GenBank accession
number X65305) coordinates 1675–1756.58 The 30mer sequence is from pGEM4Z
coordinates 1690–1719, and the longer oligonucleotides were designed by using
correspondingly longer neighboring sequences to derive the following (coordinates in
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parentheses): 39mer (1685–1723), 45mer (1683–1727), 60mer (1675–1734), and 72mer
(1685–1756). The respective (N)i and (N)j sequences (Fig. 2) for the 39mer, 45mer, 60mer,
and 72mer are: 5′-GCGGT-3′ and 5′-AAGT-3′; 5′-AAGCGGT-3′ and 5′-AAGTAAGT-3′; 5′-
GTGCAAAAAAGCGGT-3′ and 5′-AAGTAAGTTGGCCGC-3′; and 5′-GCGGT-3′ and 5′-
AAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATG-3′. This family of fluorescent
6MI-containing oligonucleotides all contain the 6MI label at the same sequence position as
oligonucleotide 30-6MI (Fig. 2). The second family of oligonucleotides were designed to
minimize residual secondary structure in the ssDNA and to keep the 6MI fluorophore in a
similar sequence context to that found in oligonucleotide 30-6MI. The sequence of
oligonucleotide 26-6MI-T is given in Fig. 2; the full sequence of 42-6MI-T is 5′-
TTCTTTCCTTCTATTCCTTCTTCTTTCCTTTCgATTC-CTTTC-3′, where “g” indicates
the position of 6MI.
4.3. Steady-state ATP hydrolysis activity of RecA stimulated by oligonucleotides
ATP hydrolysis activity of a fixed RecA concentration (1 μM) was measured as a function of
increasing DNA concentration (0 to 100 μM-nts for oligonucleotides and 0 to 25 μM-nts for
poly(dT)). The ssDNA-dependent ATPase assay was measured by a coupled enzyme
spectrophotometric assay in aqueous buffer (25 mM Tris·HOAc, 10 mM magnesium acetate,
5% w/v glycerol, 1 mM dithiothreitol, at a final pH of 7.1 ± 0.1 at 37.0 ± 0.1 °C) as described.
33 The initial velocity ( V°obs) versus single-stranded DNA concentration ([ssDNA]) was
analyzed by fitting to the full equation derived from the mass balance equations for bimolecular
association between RecA·ATP and ssDNA.94
V °obs = (kcat / 2) · {(R0 + D0 / n + Kdapp) − (R0 + D0 / n + Kdapp)2 − 4 · R0 · D0 / n 1/2} (1)
where kcat (Vmax/R0) is the catalytic turnover number, R0 is the initial concentration of RecA
protein, D0 is the initial concentration of ssDNA in nucleotides, n is the number of nucleotides
bound per RecA monomer, and Kdapp is the apparent dissociation constant for the complex
between RecA·ATP and n nucleotides of ssDNA.
4.4. Steady-state spectrofluorometry
Fluorescence data were collected on a SLM 8100 spectrofluorometer (SLM-Aminco, Illinois)
or a QM-6 spectrofluorometer (Photon Technologies Inc., New Jersey) using (unless indicated
otherwise) 3 μM-nts oligonucleotide, 4 μM RecA, and (when added) 100 μM ATP©S incubated
for 10 min in aqueous buffer (25 mM Tris·HOAc, 4 mM magnesium acetate, 5% w/v glycerol,
1 mM dithiothreitol, at a final pH of 7.1 ± 0.1 at 37.0 ± 0.1 °C). In the ATP (100 μM)
experiments, an ATP regenerating system (phosphoenolpyruvate and pyruvate kinase) was
used.33 The total reaction volume of 650 μL was in a 2-mm × 10-mm cuvette oriented with
the 2-mm pathlength parallel to the excitation beam to minimize inner filter effects. Further
correction for the inner filter effect was not necessary since absorbance values at the excitation
wavelength were below 0.05. The excitation and emission wavelengths were 340 and 431 nm,
respectively, for 6MI, with spectral bandwidths of 4 nm. For the RecA, oligonucleotide
30-2AP, oligonucleotide 30-M5K, and oligonucleotide 30-F5′ spectra, the excitation/emission
wavelengths were 290/345, 315/380, 315/385, and 493/521 nm, respectively. The total
emission intensities were corrected for dilution and protein effects, and were normalized by
the fluorescence of the free oligonucleotide (Iem°). Spectral data were fitted to a log-normal
distribution to extract the emission peak data:95
Itot(λ) = Imax · exp { − ln 2ln2 ρ · ln2 1 + (λ − λmax)(ρ2 − 1)ρ · Γ } (2)
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Where Imax is the emission intensity observed at the wavelength of maximum
intensity ? max, ? is the full width of the spectrum at half-maximum intensity (0.5·Imax), and
the asymmetry of the distribution is described by the parameter ?.
To determine anisotropy, fluorescence data was collected in two-channel fluorescence mode
using Glan-Thompson polarizers on the excitation and emission channels, with one emission
channel oriented parallel to the excitation beam and the other emission channel oriented
perpendicular to the excitation beam. Anisotropy was reconstructed using the formula:
r = (Ipara − Iperp) / (Ipara + 2 · Iperp) (3)
where r is the anisotropy, Ipara is the total emission from the parallel emission channel, and
Iperp is the total emission from the perpendicular emission channel.
For the titration experiments, small aliquots of a concentrated stock of RecA protein were added
to the cuvette containing the reactants described above, and the sample was mixed by pipetting
and equilibrated for at least 2 min with the shutters closed. The DNA binding isotherms were
fit to the full equation derived from the mass balance equations for bimolecular association
between RecA[·ATP(?S)] and ssDNA:96
Y = Y ° + (n ·ΔY / 2D0) · {(R0 + D0 / n + Kd) − (R0 + D0 / n + Kd)2 − 4 · R0 · D0 / n 1/2} (4)
where Y is the observed fluorescence value (either Iem/Iem° or r), Y° is the initial fluorescence
value (1 for the Iem data, r° for the anisotropy data), ΔY is the total change in the fluorescence
property, R0 is the initial concentration of RecA protein, D0 is the initial concentration of
ssDNA in nucleotides, n is the number of nucleotides bound per RecA monomer, and Kd is the
apparent dissociation constant for the complex between RecA[·ATP(©S)] and n nucleotides
of ssDNA. We chose this model to compare the affinity constants with those determined by
the ATP hydrolysis activity. A consideration of the effects of cooperativity97 is beyond the
scope of the current work.
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Cartoons depicting the collapsed and extended RecA-ssDNA complexes formed in the absence
and presence of ATP (or ATP? S), respectively. The DNA strands are represented by vertical
lines and RecA protein monomers are represented by gray circles (collapsed filament) or two-
tone gray ellipses (extended filament). For the active, extended filament, the lighter and darker
shading of the ellipses indicates the primary (site I) and secondary (site II) DNA binding sites,
respectively.
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Structures of the fluoropores (panel A; R = 2-deoxy-β-D-ribose) and sequences of the
fluorescent oligonucleotides investigated (panels B and C). For the longer oligonucleotides,
the sequences are detailed in the Experimental section of the text.
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ATP hydrolysis activity of RecA stimulated by oligonucleotides. ATP hydrolysis activity of
1 μM RecA protein was measured as a function of increasing DNA concentration (2 to 100
μM -nts for oligonucleotides and 1 to 25 μM -nts for poly (dT)) using a enzyme-coupled
spectrophotometric assay as described in the Experimental section of the text. The initial
velocity (V°obs) versus single-stranded DNA concentration ([ssDNA]) plots were analyzed
using the full equation derived from the mass balance equations for bimolecular association
between RecA·ATP and ssDNA (equation 1). The data for poly(dT) (black circles) and the
60mer (squares), 45mer (diamonds), 30mer (triangles), and the fluorescein -labeled 30mer
(open circles) are shown. The smooth lines represent the best -fit curves.
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Fluorescence excitation and emission spectra of different DNA-based fluorophores.
Uncorrected excitation (A) and emission (B) spectra for RecA (dashed line), oligonucleotide
30-2AP (solid line), oligonucleotide 30-M5K (heavy dashed line), oligonucleotide 30-6MI
(heavy solid line), and oligonucleotide 30-F5′ (gray line) are shown here. The fluorescence
data were collected as described in the Experimental section of the text. The observation of
two emission maxima for 30-2AP and 30-M5K is a consequence of the Wood’s anomaly
associated with the monochromator used. 98
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Influence of RecA and ATPγS on the emission of fluorescent oligonucleotides. Uncorrected
fluorescence emission spectra for oligonucleotide 30-6MI (A) or fluorescein -labeled 30-F5′
(B) in the absence of both RecA protein and ATPγS (gray circles), in the presence of RecA
protein only (black circles), and in the presence of both RecA protein and ATPγS (white
circles). Fluorescence data were collected as described in the Experimental section of the text.
The standard errors for the normalized Iem values are ±10%.
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Fluorescence titrations of oligonucleotides with RecA. (A) Results of titrations of RecA protein
on oligonucleotide 30-6MI in either the absence (open circles) or presence (black circles) of
100 μM ATPγS. The titrations were performed as described in the Experimental section of the
text. The lines represent the intersection of the least square fits for the initial and terminal
phases of the titration. Data for the oligonucleotide 30-6MI titration in the presence of ATP?
S has been offset by 0.2 units for clarity. (B) Results of titrations of RecA protein on
oligonucleotide 30-F5′ labeled with fluorescein on the 5′ end in the presence (filled squares)
or absence (open squares) of ATPγS.
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Fluorescence titration of 6MI-labeled oligonucleotides with RecA in presence of ATP. DNA
and RecA were incubated in the presence of ATP and the regenerating system as described in
the Experimental section of the text. The titrations were performed using 6MI-labeled 30mer
(black triangles), 45mer (black diamonds), and 72mer (open diamonds) oligonucleotides. The
solid lines represent the best-fit curves using the full equation model (equation 4).
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Anisotropy of the complex formed between RecA and short 6MI-labeled oligonucleotides. The
anisotropies for the complexes formed between RecA and the 30-6MI (A), 26-6MI-T (B), and
42-6MI-T (C) oligonucleotides are shown here. In all t hree graphs, the anisotropy was
measured in the presence (black circles) and absence (open circles) of ATPγS. The curve fits
were generated using equation 4 to extract the relevant binding parameters.
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Cartoons depicting the complexes formed between RecA and various DNA substrates that are
discussed in the text. A 6MI-labeled oligonucleotide is indicated by a vertical red line, and the
position of the 6MI fluorophore is indicated by a yellow star. DNA strands without fluorophores
are represented by vertical black lines and strand pairing is indicated by narrow, horizontal
lines lines. RecA protein monomers are represented by two -tone gray ellipses, in which the
lighter and darker shading of the ellipses indicates the primary (site I) and secondary (site II)
DNA binding sites, respectively.
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Schematic model for the occupancy of RecA’s DNA-binding sites by oligonucleotides. The
model was adapted from an earlier model developed by Brenner and colleagues (see Figure 6
of their publication).27 Descriptions of the cartoons are provided in the legends for Fig. 1 and
Fig. 9.
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Table 1
Steady state parameters determined by oligonucleotide titrations of RecA activitya




app(μM) Stoichiometry (nts per monomer)b
Length (nts) ATP ATP ATP ATP ATPγS free
poly(dT) 24 ± 1 < 0.01
72 21.3 ± 0.3 0.12 ± 0.07 < 0.01 2.9 3 2.0
60 20.2 ± 0.2 0.16 ± 0.04 0.07 ± 0.05 2.4 4 3.4
45 19.2 ± 0.5 0.82 ± 0.09 0.8 ± 0.2 2.2 2.3 2.7
42 (T -rich) 21.0 ± 0.3 0.28 ± 0.05 3.5 3.3
39 21 ± 1 2.4 ± 0.2
30 (6MI) 22 ± 1 18 ± 1 —c —c 2.5 2.5
30 (F5′) 21 ± 1 1.9 ± 0.2 2.8
26 (T -rich) 17 ± 1 19 ± 3 3.7 3.0
a
The values represent the means of at least three independent experiments. The uncertainty is represented by the standard error of the mean.
b
Standard residual fitting error ranges from ± 0.3 to ± 1. No parameters were measured for poly(dT) (no fluorescent lablel), 39mer ODN (not performed),
30-F5′ in presence of cofactor (complicated isotherm), 42mer oligonucleotide in the presence of ATP (not performed), or 26mer oligonucleotide in the
presence of ATP (not performed).
c
Complex not detected (see text for details).
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